Abstract. We constrain the effective theory of one-body dark matter-nucleon interactions using neutrino telescope observations. We derive exclusion limits on the 28 coupling constants of the theory, exploring interaction operators previously considered in dark matter direct detection only, and using new nuclear response functions recently derived through nuclear structure calculations. We determine for what interactions neutrino telescopes are superior to current direct detection experiments, and show that Hydrogen is not the most important element in the exclusion limit calculation for the majority of the spin-dependent operators.
Introduction
The clustering of dark matter in large spheroidal halos hosting galaxies and other visible astrophysical structures has inspired complementary approaches to reveal the nature of dark matter [1] . The indirect detection of energetic neutrinos from dark matter annihilation in the Sun is a prime example of strategies designed for discovering dark matter in astroparticle physics [2] .
Dark matter particles from the Milky Way dark matter halo might be captured and annihilate in the Sun, if they loose energy while crossing and scattering in the solar medium [3] . Energetic neutrinos from dark matter annihilation in the Sun are expected in a variety of models for weakly interacting dark matter [4] [5] [6] [7] , and could potentially be observed on Earth at neutrino telescopes [8, 9] .
The predicted flux of dark matter-induced neutrinos from the Sun depends on how dark matter is distributed in the solar neighborhood, on the primary dark matter annihilation channel and total annihilation rate, and on the cross-section for dark matter-nucleus scattering in the Sun [10, 11] .
In this work we focus on the cross-section dependence of the expected dark matterinduced neutrino flux, in a comprehensive analysis of a variety of dark matter-nucleon interactions.
We calculate the flux of neutrino-induced upward muons from dark matter annihilation in the Sun at neutrino telescopes in the general effective theory of one-body dark matternucleon interactions. We then compare our predictions with current neutrino telescope observations, deriving exclusion limits on the isoscalar and isovector coupling constants of the theory. We also compare our limits from neutrino telescopes with current limits from dark matter direct detection experiments, establishing when the former are superior to the latter. For the elements in the Sun, we consider new nuclear response functions which recently appeared in the literature [12] , and analyze the contribution of different isotopes to the final exclusion limits in detail.
Compared to previous analyses, here we explore a larger set of dark matter-nucleon interactions, including several momentum or velocity dependent operators previously considered in dark matter direct detection only. Most importantly, for the dark matter-nucleon interactions studied here, and for the 16 most abundant isotopes in the Sun, we consider new nuclear response functions recently computed through numerical nuclear structure calculations in [12] . The use of improved nuclear response functions strengthen our conclusions, which do not rely on the approximate exponential form factors often used in the literature in the analysis of neutrino telescope data.
Effective theories for dark matter-nucleon interactions were explored in the context of dark matter direct detection in [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Neutrino telescope observations were interpreted in terms of spin and momentum/velocity dependent dark matter-nucleon interactions in [33] , and more recently in [34] . Both analyses focus on a subset of operators studied here, and consider either dark matter scattering from Hydrogen only, or simple Helm form factors. The effective field theory interpretation of searches for dark matter annihilation in the Sun in [35] considers 4 operators, and constant spin-dependent cross-sections. Recently, advances in the theory of dark matter heat transport in the Sun within models with momentum or velocity dependent scattering cross-sections, and in the context of Helioseismology were done in [36] [37] [38] .
The paper is organized as follows. In Sec. 2 we review the general effective theory of one-body dark matter-nucleon interactions. We compare the predictions of this theory to physical observables introduced in Sec. 3 as explained in Sec. 4 , where we also interpret our findings. We conclude in Sec. 5. Finally, we describe our LUX and COUPP analysis in Appendix A, and list key equations in Appendix B.
Theoretical framework
In this section we review the general effective theory of one-body dark matter-nucleon interactions mediated by a heavy spin-1 or spin-0 particle. We compare the predictions of this theory with current neutrino telescope observations in Sec. 3.
Effective theory of dark matter-nucleon interactions
We start with an analysis of the amplitude M for non-relativistic elastic scattering of a dark matter particle of mass m χ and initial (final) momentum p (p ) from a single nucleon of mass m N and initial (final) momentum k (k ). The amplitude M is restricted by Galilean invariance and momentum conservation. Momentum conservation implies that only three out of the four momenta p, p , k and k are independent. A possible choice of independent momenta is p, k and q = k − k , where q is the momentum transfer. Galilean invariance constrains M to be a function of the initial relative velocity v = p/m χ − k/m N , rather than of the momenta p and k separately. Therefore, the scattering amplitude M can in general be written as a function of q and v, and of the nucleon and dark matter particle spins, S N and S χ , respectively. Table 1 . Complete set of non-relativistic quantum mechanical operators that are at most linear in the transverse relative velocity operator v ⊥ , and in nucleon and dark matter particle spin operators, S N andŜ χ , respectively. Introducing the nucleon mass, m N , in the equations above all operators have the same mass dimension.
The non-relativistic quantum mechanical Hamiltonian density that underlies the amplitude M must have the form [16] 
where r is the dark matter-nucleon relative distance, t 0 = 1 is the identity in isospin space, and t 1 = τ 3 is the third Pauli matrix. The quantum mechanical operatorsÔ k in Eq. (2.1) are constructed from the momentum transfer operatorq, the transverse relative velocity operator v ⊥ , and the nucleon and dark matter particle spin operatorsŜ N andŜ χ , respectively. If we demand that the operatorsÔ k are at most linear inv ⊥ ,Ŝ N andŜ χ , then only 14 independent operators appear in the linear combination (2.1) 1 . They are listed in Tab. 1. The operators in Tab. 1 define the general effective theory of dark matter-nucleon interactions mediated by a heavy spin-1 or spin-0 particle. The isoscalar and isovecotor coupling constants in (2.1), c 0 k and c 1 k respectively, are related to the coupling constants for protons (c p k ) and neutrons (c n k ) as follows:
These constants have dimension mass to the power −2.
Assuming one-body dark matter-nucleon interactions, the most general Hamiltonian density for elastic dark matter-nucleus interactions is given bŷ
which is the sum of A identical terms. The index i in Eq. (2.2) identifies the ith-nucleon in the target nucleus, A is the mass number, and r is the relative distance from the nucleus centre of mass to the dark matter particle. The Hamiltonian densityĤ T depends on the nuclear charges and currents, and admits 1 Following [20] , we neglect the operatorÔ2 = (v ⊥ ) 2 , since it is quadratic inv ⊥ , and it cannot be a leading operator in effective theories.
the following coordinate space representation [16] 
where σ i /2 and r i represent the the spin operator, and the position in the nucleus centre of mass frame of the ith-nucleon in the target nucleus, respectively. In Eq. (2.3) we use the definitionŝ
N is an operator acting on the ith-nucleon space coordinate [16] . Explicit coordinate space representations for the operatorsq,v ⊥ N , andv ⊥ T can be found in [12] .
Eq. (2.3) accounts for all possible ways of coupling dark matter to the nuclear charges and currents. Dark matter couples to the nuclear vector and axial charges through the operatorsl τ 0 andl τ 0A , and it couples to the nuclear spin, convection and spin-velocity currents through the operatorsl τ 5 ,l τ M andl τ E , respectively. Notice however, that the nuclear axial charge does not contribute to scattering cross-sections when nuclear ground states are eigenstates of P and CP .
The operators in Tab. 1 contribute to Eq. (2.4) through specific combinations ofq and v ⊥ T . Notably, the operatorsÔ 1 andÔ 4 generate the only momentum and velocity independent
Dark matter scattering from nuclei
We use the Hamiltonian density (2.3) to calculate the amplitude M N R for dark matter scattering from nuclei in the Sun. Summing (averaging) |M N R | 2 over final (initial) spin configurations one finds [16] 5) where the index k extends over (pairs of) nuclear response operators defined below in Eq. (2.8).
The 8 dark matter response functions R τ τ k depend on matrix elements between eigenstates ofŜ χ of the operators (2.4). They are functions of q 2 /m 2 N and v ⊥2 T = w 2 − q 2 /(4µ 2 T ), where µ T and w are the reduced dark matter-nucleus mass and relative velocity, respectively. We list the functions R τ τ k in Appendix B. The 8 isotope-dependent nuclear response functions W τ τ k in Eq. (2.5) depend on the nuclear matrix elements of the charge and current operators in Eq. (2.3). For a given pair of nuclear operators A LM ;τ and B LM ;τ , the nuclear response function W τ τ k , k = AB, is defined as follows 6) where the ket |J, T, M T represents a nuclear state of spin J, isospin T , and isospin magnetic quantum number M T , and M J is the nuclear spin magnetic quantum number. Here we use the notation W τ τ AB ≡ W τ τ A , for A = B. The reduction operation in Eq. (2.6) is done via the Wigner-Eckart theorem:
In Eq. (2.5), the operators A LM ;τ and B LM ;τ correspond to the following nuclear response operators
where
(Ω r i ), are defined in terms of Clebsch-Gordan coefficients and scalar spherical harmonics: 
which is in general a function of the nuclear recoil energy E R = q 2 /(2m i ), and of the dark matter-nucleus relative velocity.
Dark matter annihilation signals from the Sun
Given the scattering cross-section (2.10), we now review how to calculate the rate of dark matter capture by the Sun, and the neutrino-induced muon flux at neutrino telescopes from dark matter annihilation in the Sun.
Capture
Weakly interacting dark matter particles of the Milky Way dark matter halo have a finite probability of elastically scattering from nuclei in the Sun. A dark matter particle becomes gravitationally bound to the Sun, when traveling through the solar medium it scatters to a velocity smaller the local escape velocity. The rate of scattering from a velocity w to a velocity less than the escape velocity v(R) at a distance R from the Sun's centre is given by [3] 
where E = m χ w 2 /2, is the dark matter particle initial kinetic energy, dσ i /dE R is the differential cross-section for dark matter scattering from nuclei of mass m i and density in the Sun n i (R), and u is the velocity of the dark matter particle at R → ∞, where the Sun's gravitational potential is negligible. Ω − v (w) depends on the radial coordinate R, in that w = u 2 + v(R) 2 . The sum in the scattering rate (3.1) extends over the most abundant elements in the Sun, and the dimensionless parameters µ i and µ ±,i are defined as follows
For a population of galactic dark matter particles with speed distribution at infinity given by f (u), the differential rate of capture per unit volume is given by [3] 
Integrating (3.3) over a sphere of radius R , where R is the solar radius, one obtains the total rate of dark matter capture by the Sun
In this work, we consider the 16 most abundant elements in the Sun, i.e. H, 3 He, 4 He, 12 C, 14 N, 16 O, 20 Ne, 23 Na, 24 Mg, 27 Al, 28 Si, 32 S, 40 Ar, 40 Ca, 56 Fe, and 59 Ni, using the densities n i (R), and the velocity v(R) implemented in the darksusy code [39] . At the same time, we assume the so-called standard halo model [40] , with a Maxwell-Boltzmann speed distribution for f (u), and a local standard of rest velocity of 220 km s −1 [41] [42] [43] .
Annihilation
Once captured, dark matter particles undergo subsequent scatters and sink into the centre of the Sun. In a variety of models [4] [5] [6] [7] , in the Sun dark matter annihilates into Standard Model final states, producing a flux of energetic neutrinos escaping the solar medium, and potentially observable at neutrino telescopes. The differential neutrino flux from dark matter annihilation in the Sun is given by [4] dΦ
where E ν is the neutrino energy, B f χ the branching ratio for dark matter pair annihilation into the final state f , D the distance of the observer to the center of the Sun, and dN f ν /dE ν is the neutrino energy spectrum at the detector from dark matter annihilation into the final state f .
The annihilation rate, Γ A , in Eq. (3.5) is defined as follows
where n(x) is the dark matter space density in the Sun, and σ ann v rel the thermally averaged dark matter annihilation cross-section times relative velocity. Eq. (3.6) implies the relation
where N is the number of dark matter particles in the Sun. The constant C A is given by
with
and n 0 equal to the dark matter density at the core of the Sun. [44] ).
The number of dark matter particles N obeys the following differential equation in the time variable tṄ
which admits the general solution
In our analysis we assume √ CC A t 1, where t is the age of the Sun. This assumption implies Γ A = C/2, which corresponds to equilibrium between capture and annihilation of dark matter in the Sun.
Neutrinos from dark matter annihilation in the Sun can be detected at neutrino telescopes observing an upward muon flux induced by charged-current neutrino interactions with nuclei in the material surrounding the detector. The differential neutrino-induced muon flux at the detector is given by 11) where N T is the number of nucleons per cubic centimeter, λ is the muon range, P(E µ , E µ ; λ) is the probability for a muon of initial energy E µ to have a final energy E µ after traveling a distance λ inside the detector, and dσ CC /dE µ is the weak differential cross-section for production of a muon of energy E µ . We evaluate Eq. (3.11) using muon yields generated by WimpSim [11] , and pre-tabulated in darksusy [39] . Notice that WimpSim also accounts for the angular dependence of the upward muon flux, not included in Eq. (3.11) for simplicity. At the same time, WimpSim assumes a Gaussian space distribution for dark matter in the Sun, which is not generically true when the dark matter-nucleon scattering cross-section is momentum or velocity dependent [36] . Departures from this assumption are however negligible for a dark matter particle mass larger than about 30 GeV (see Fig. 3 in [36] ).
In computing the neutrino-induced muon flux, we calculate the rate of dark matter capture by the Sun, and the relevant dark matter-nucleus scattering cross-sections using our own routines and nuclear response functions [12] . We then compare our predictions with neutrino telescope observations as explained in the next section. 
Model independent analysis
In this section we compare the general effective theory of one-body dark matter-nucleon interactions mediated by a heavy spin-1 or spin-0 particle with current neutrino telescope observations. We focus on data collected by the 79-string configuration of the IceCube/DeepCore observatory [9] , and during 3109.6 days of SUPER-K dark matter searches [8] . Both experiments report limits on the neutrino-induced muon flux from dark matter annihilation above a given energy threshold, and below a given angle from the direction of the centre of the Sun. In our analysis, we use Tab. 1 from [9] as IceCube/DeepCore data, and Tabs. 1 and 2 from [8] as SUPER-K data.
We use darksusy to compute the muon yields at the detector, and our routines and nuclear response functions (see Figs. 1, 2 and 3 ) to calculate the rate of dark matter capture by the Sun. For the dark matter primary annihilation channel, we consider two extreme scenarios corresponding to dark matter pair annihilation into W + W − , as for models with hard annihilation spectra, and to dark matter pair annihilation into bb, as for models with soft annihilation spectra.
For m χ < 80.3 GeV, the W + W − channel is not kinematically allowed. Following [8, 9] , in our IceCube/DeepCore hard spectrum analysis we replace the W + W − channel with the final state τ + τ − . We instead neglect the W + W − channel in the hard spectrum analysis of the SUPER-K data.
Demanding that the predicted neutrino-induced muon flux does not exceed its experimental 90% confidence level upper limit, we derive exclusion limits at the 90% confidence level on the isoscalar and isovector coupling constants corresponding to the interaction operators in Tab. 1.
For each interaction operator in Tab. 1, we consider the corresponding isoscalar and isovector coupling constants separately. In the figures, we report our 90% confidence level exclusion limits as a function of the dark matter particle mass, varying m χ in the range 10 GeV -10 TeV.
We also compare our limits from neutrino telescope observations with the 2D 90% cred- ible regions that we obtain from a Bayesian analysis of the LUX and COUPP direct detection experiments. The details of our COUPP and LUX analysis are discussed in Appendix A.
Momentum/velocity independent operators
We start with an analysis of the momentum and velocity independent interaction operatorŝ O 1 andÔ 4 . The operatorÔ 1 generates a constant spin-independent cross-section σ SI p (σ SI n ) for dark matter interactions with protons (neutrons) given by
Analogously, the operatorÔ 4 generates a constant spin-dependent cross-section σ SD p (σ SD n ) for dark matter-proton (dark matter-neutron) interactions given by In the expressions above, µ N = m χ m N /(m χ + m N ) is the reduced dark matter-nucleon mass, and j χ is the dark matter particle spin. For definitiveness, in the calculations we assume j χ = 1/2. right panel). Solid red (blue) lines correspond to the hard annihilation spectrum analysis of the IceCube/DeepCore (SUPER-K) data, whereas dashed red (blue) lines represent our soft annihilation spectrum analysis of the IceCube/DeepCore (SUPER-K) data. For comparison, we also report 2D 90% credible regions obtained from LUX and COUPP as explained in Appendix A.
Our exclusion limits on the coupling constants c 0 1 and c 0 4 (top left and bottom left panels in Fig. 4 ) agree with those in [8, 9] at the few % level for small values of m χ . For m χ ∼ 10 TeV, our findings differ from those of [8, 9] by up to 1 order of magnitude in the cross-sections, as a consequence of using different nuclear response functions. Here we adopt the nuclear response functions recently derived in [12] through numerical nuclear structure calculations. In contrast, in previous analyses approximate exponential form factors have often been used.
Momentum/velocity dependent operators
We now move on to describe our analysis of the momentum/velocity dependent dark matternucleon interactions operators. All interaction operators in Tab. 1 butÔ 1 andÔ 4 depend onq, onv ⊥ , or on both.
For momentum or velocity dependent operators exclusion limits are weaker than for O 1 andÔ 4 . The reason is that for operatorsÔ k , k = 1, 4, the rate of dark matter capture by the Sun is suppressed by powers of q 2 and v ⊥2 T = w 2 − q 2 /(4µ 2 T ) in Eq. (B.1). For instance, the operatorÔ 6 generates a term proportional to q 4 in R τ τ Σ , and the operatorÔ 11 generates a term proportional to q 2 in R τ τ M . Nevertheless, dark matter can scatter in the Sun with a larger relative velocity w (and momentum transfer) than in terrestrial detectors, where the scattering velocity is less then about 800 km s −1 . Indeed, being w 2 = u 2 + v 2 (R) and 620 km s −1 v(R) 1400 km s −1 [39] , then w 620 km s −1 . Therefore, since the scattering cross-section (2.10) is evaluated at w, and not at u, velocity dependent scattering cross-sections weaken the exclusion limits from neutrino telescopes less dramatically than those from direct detection experiments.
For momentum or velocity dependent operators, exclusion limits also depend on nuclear response functions different from W τ τ M , W τ τ Σ and W τ τ Σ . For reference, in Figs. 1, 2, and 3 we plot
and W τ τ Φ , with τ = τ , for the 16 isotopes in Tab. 2. We do not report here W τ τ Φ M , and W τ τ ∆Σ , and the τ = τ components of the other nuclear response functions, since they are not relevant when the interference between different operators, or between isoscalar and isovector components of the same operator is neglected, as in the present analysis. In [12] we list all nuclear response functions in Eq. (2.6) for the 16 elements in Tab. 2 in analytic form.
In general, exclusion limits depend on the solar composition. For reference, in Tab. 2 we report the average mass fractions of the 16 most abundant elements in the Sun as implemented in darksusy.
Figs. 5, 6, 7, 8, 9 , and 10 show the exclusion limits on the isoscalar and isovector coupling constants corresponding to the operatorsÔ k , k = 3, 5, 6 . . . , 15 that we find from IceCube/DeepCore and SUPER-K data. These figures reveal that the operators most severely constrained by current neutrino telescope observations areÔ 11 ,Ô 12 ,Ô 8 andÔ 3 (besides the operatorsÔ 1 andÔ 4 discussed in the previous section). Notably, our current exclusion limits on the interactionÔ 11 = iŜ χ · (q/m N ), are more stringent that those set on the familiarÔ 4 =Ŝ χ ·Ŝ N interaction. We focus here on isoscalar interactions only. This result is expected [12] , in thatÔ 11 is independent of the transverse relative velocity operator, and of the nucleon spin, which implies a large capture rate proportional to A 2 . 
Comparison with LUX and COUPP
We now compare our limits on the constants c τ k from neutrino telescopes with the limits that we obtain from LUX and COUPP.
For dark matter-nucleon interaction operators mainly coupling to the nuclear response operators M LM ;τ and Φ LM ;τ , dark matter direct detection experiments tend to set stronger limits on the coupling constants c τ k . The reason is that M LM ;τ , and with some restriction also Φ LM ;τ , favor heavy elements. Indeed, in the q → 0 limit, M LM ;τ measures the nuclear mass number, and Φ LM ;τ the content of nucleon spin-orbit coupling in the nucleus, which is large for heavy elements with orbits of large angular momentum not fully occupied [16] . Elements in the Sun are hence disfavored compared to Xe or I, which respectively compose (bottom right panel) from a hard spectrum analysis of the IceCube/Deepcore data. Colored lines assume dark matter scattering from the specific isotope in the legend. Black lines correspond to total exclusion limits, i.e. including all isotopes. For comparison, in each panel we also report the 2D credible region that we obtain from the LUX experiment (yellow thick line). Limits are presented at the 90% confidence level. Though spin-independent, we also include the isoscalar component ofÔ 1 for reference. We also include the isovector component ofÔ 7 , since limits from neutrino telescopes on this operator are particularly competitive.
the LUX and (partially) COUPP experiments. Interaction operators of this type areÔ 1 ,Ô 3 ,
The operatorsÔ 5 andÔ 8 also couple to the nuclear response operator ∆ LM ;τ , which in the low momentum transfer limit measures the nucleon angular momentum content of the nucleus. The nuclear response operator ∆ LM ;τ is generated by the nuclear convection current in Eq. (2.3). It favors nuclei with an unpaired nucleon in a non s-shell orbit, like for instance 14 N, 27 Al, and 59 Ni in the Sun. The coupling of the operatorsÔ 5 andÔ 8 to the nuclear response operator ∆ LM ;τ strengthens our limits on c τ 5 and c τ 8 from neutrino telescope 
observations.
The remaining operators, namelyÔ 4 ,Ô 6 ,Ô 7 ,Ô 9 ,Ô 10 ,Ô 13 , andÔ 14 mainly couple to the nuclear response operators Σ LM ;τ and Σ LM ;τ , which in the low momentum transfer limit measure the nucleon spin content of the nucleus. Within this group of interaction operators, of particular interests are the operatorsÔ 6 andÔ 7 . For the operatorsÔ 6 and O 7 , we find that neutrino telescopes can set stronger limits on c τ 6 and c τ 7 than dark matter direct detection. Notably, for the operatorÔ 7 our exclusion limits on the coupling constant c 0 7 are stronger than those from COUPP and LUX in a large m χ range, even within the soft annihilation spectrum analysis. The competitive limit on c 0 7 from neutrino telescopes depends on the v ⊥2 T term in R τ τ Σ , which is less penalizing for neutrino telescopes than for direct detection experiments. In addition, it also depends on the abundance of Hydrogen in the Sun, which forÔ 7 determines rate of dark matter capture, and on the large value of W τ τ Σ for this element. 
Spin-dependent operators and the heavy elements in the Sun
We conclude this section exploring the spin-dependent dark matter-nucleon interaction operators more in depth. In particular we show that only for the spin-dependent operatorŝ O 4 andÔ 7 Hydrogen is the most important element in the exclusion limit calculation. For all other spin-dependent operators, i.e.Ô 3 ,Ô 6 ,Ô 9 ,Ô 10 ,Ô 12 ,Ô 13 ,Ô 14 , andÔ 15 , heavier elements are significantly more important. This conclusion is illustrated in Figs. 11, 12 , and 13, where we report exclusion limits obtained assuming that dark matter scatters from single elements in the Sun. Conventions for colors and lines are those in the legends. For simplicity, we focus here on the isoscalar components only.
For the operatorsÔ 3 ,Ô 12 andÔ 15 the most important element is 56 Fe, since they mainly couple to the nuclear response operator M M L;τ , which favors elements with large A (and in the Sun 56 Fe is more abundant than 59 Ni).
For the operatorsÔ 9 ,Ô 10 andÔ 14 , exclusion limits mostly depend on 14 N, since in this case dark matter scattering from Hydrogen is suppressed for m χ 20 GeV. Indeed, for m i equal to the Hydrogen mass, the integral in Eq. (3.1) is largely dominated by small recoil energies, where the differential cross-section for the operatorsÔ 9 ,Ô 10 andÔ 14 is particularly small. Notice also that the operatorsÔ 9 ,Ô 10 andÔ 14 mainly couple to the nuclear response operators Σ M L;τ and Σ M L;τ , and that 14 N is characterized by fairly large W τ τ Σ and W τ τ Σ nuclear response functions.
For the operatorsÔ 6 andÔ 13 , the most important elements in the exclusion limit calculation are 14 N and 59 Ni, since as above, Hydrogen selects a range of integration in (3.1) where the integrand is small. In addition, for 14 N and 59 Ni the response functions W τ τ Σ and W τ τ Σ are large.
Conclusions
We derived exclusion limits on the coupling constants of the general effective theory of onebody dark matter-nucleon interactions using current IceCube/DeepCore and SUPER-K observations. In this study, we exploited new nuclear response functions computed in [12] through nuclear structure calculations for all dark matter-nucleon isoscalar and isovector interaction operators in Tab. 1, and for the 16 most abundant elements in the Sun. Exclusion limits were presented at the 90% confidence level, and separately assuming dark matter pair annihilation into W + W − and bb. We found that the most severely constrained interaction operators areÔ 11 = iŜ χ · (q/m N ),Ô 12 =Ŝ χ · (Ŝ N ×v ⊥ ),Ô 8 =Ŝ χ ·v ⊥ andÔ 3 = iŜ N · [(q/m N ) ×v ⊥ ], besides the familiar spin-independent and spin-dependent operatorsÔ 1 = 1 χN andÔ 4 =Ŝ χ ·Ŝ N , respectively. For each operator we found a physical interpretation for the relative strength of the corresponding limit.
We compared our limits on the coupling constants from neutrino telescopes with benchmark dark matter direct detection exclusion limits. We found that the operatorÔ 7 =Ŝ N ·v ⊥ is significantly more constrained by neutrino telescopes than by LUX and COUPP. This conclusion is mainly related to the v ⊥2 T term in R τ τ Σ , which is less penalizing for neutrino telescopes than for direct detection experiments, to the abundance of Hydrogen in the Sun, and to the corresponding large value of W τ τ Σ . Another important result of this work is to show that Hydrogen is not the most important element in the exclusion limit calculation for the majority of the spin-dependent operators in Tab. 1. As a consequence, nuclear structure calculations as those initiated in [12] appear to be key tools for model independent analyses of dark matter signals at neutrino telescopes. For the COUPP Likelihood function we assume k = 2, k = 3 and k = 8 bubble nucleations above a threshold energy E th of 7.8 keV nr , 11 keV nr and 15.5 keV nr , respectively [45] . For the 3 threshold configurations the expected number of background events is, respectively, µ B = 0.8, µ B = 0.7 and µ B = 3. In the analysis we use an energy dependent experimental exposure characterized by: (7.8 keV) = 55.8 kg-days, (11 keV) = 70 kg-days and (15.5 keV) = 311.7 kg-days [45] . For COUPP, we compute µ S as follows µ S (m χ , c) = (E th )
where dR T /dE R is the differential rate of scattering from the target material T . The probability P T (E R , E th ) that an energy E R nucleates a bubble above E th is given by [45] :
We assume perfect efficiency for bubble nucleation for Iodine (α I → +∞), we neglect scattering from Carbon (α C = 0), and marginalize over α F ≡ a COUPP , assuming for the latter a log-prior with mean 0.15. We construct the LUX Likelihood function as in [25] , assuming k = 1 andμ B = 0.64 ± 0.16. We consider a Gaussian resolution for photoelectron detection with standard deviation σ PMT = 0.37, an exposure of 250×85.3 kg-days, and the experimental efficiency in Fig. 1 of Ref. [46] times 0.5, in order to account for the 50% nuclear recoil acceptance quoted by the LUX collaboration.
Results are presented in terms of x% credible regions, i.e. portions of the parameter space containing x% of the total posterior probability, and where the posterior probability density function P(Θ|d) ∝ L(d|Θ)π(Θ) at any point Θ in parameter space inside the credible region is larger than at any external point. We assume a uniform prior probability density function π(Θ) for the logarithm of m χ and of c. Prior and volume effects in dark matter direct detection are discussed in [25, [47] [48] [49] .
B Dark matter response functions
In this appendix we list the dark matter response functions that appear in Eq. (2.10). The notation is the same used in the body of the paper.
